Comment Received From: Jacqueline A. Dowling
Submitted On: 9/15/2020
Docket Number: 19-SB-100

Effects of Deep Reductions in Energy Storage Costs on Highly
Reliable Wind and Solar Electricity Systems

Effects of Deep Reductions in Energy Storage Costs on Highly Reliable Wind and Solar
Electricity Systems.
Published in iScience.

Additional submitted attachmentis included below:.



1ISclence

¢? CellPress

OPEN ACCESS

Energy storage performs distinct roles at high or near-free storage costs
in highly reliable variable renewable (wind & solar) electricity systems.
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Effects of Deep Reductions in Energy
Storage Costs on Highly Reliable
Wind and Solar Electricity Systems
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SUMMARY

We use 36 years (1980-2015) of hourly weather data over the contiguous United
States (CONUS) to assess the impact of low-cost energy storage on highly reliable
electricity systems that use only variable renewable energy (VRE; wind and solar
photovoltaics). Even assuming perfect transmission of wind and solar generation
aggregated over CONUS, energy storage costs would need to decrease several
hundred-fold from current costs (to $1/kwh) in fully VRE electricity systems to
yield highly reliable electricity without extensive curtailment of VRE generation.
The role of energy storage changes from high-cost storage competing with
curtailment to Il short-term gaps between VRE generation and hourly demand
to near-free storage serving as seasonal storage for VRE resources. Energy stor-
age faces “double penalties” in VRE/storage systems: with increasing capacity,
(1) the additional storage is used less frequently and (2) hourly electricity costs
would become less volatile, thus reducing price arbitrage opportunities for the
additional storage.

INTRODUCTION

With a goal to reduce economic damages from future climate change ( Davis et al., 2018Electric Power
Research Institute EPRI, 2018Hoffert et al., 2002; Jacobson et al., 2015 Mai et al., 2018; Matthews and Cal-
deira, 2008; Wei et al., 2013), energy experts, regulators, policymakers, and the public are increasingly
interested in, and often advocate for, electricity systems that rely primarily, if not exclusively, on variable
renewable electricity (VRE; wind and solar photovoltaics) generation (Clack et al., 2017 Davis et al.,
2018, de Sisternes et al., 2016 Denholm and Hand, 2011; Elliott, 2016; Gielen et al., 2019; Gilbraith
et al., 2013; International Renewable Energy Agency (IRENA), 2017 Jacobson et al., 2015, Jenkins et al.,
2018; Luderer et al., 2017, 2014; MacDonald et al., 2016; Mai et al., 2014; Mileva et al., 2016; Safaei and
Keith, 2015, Sepulveda et al., 2018 Shaner et al., 2018 World Bank, 2019). Although many have argued
that a broader portfolio of electricity generation technologies would more easily satisfy cost and perfor-
mance requirements (Clack et al., 2017 Davis et al., 2018 Gilbraith et al., 2013; Hoffert et al., 2002; Mac-
Donald et al., 2016; Sepulveda et al., 2018, considerable interest remains in systems that rely primarily
on VRE technologies for electricity generation (de Sisternes et al., 2016 Denholm and Hand, 2011; Frew
et al., 2016, Jacobson et al., 2015 Safaei and Keith, 2015 Shaner et al., 2018 Ziegler et al., 2019). To
deal with the resource adequacy and reliability challenges for integrating VRE in electricity systems, arange
of Bexibility mechanisms have been proposed and studied. These mechanisms include balancing VRE gen-
eration over large geographic regions via transmission lines, curtailment of renewable electricity genera-
tion, grid-scale energy storage, cycling of dispatchable fossil fuel power plants, demand response, po-
wer-to-gas, power-to-liquids, and vehicle-grid integration ( Blanco and Faaij, 2018 Braff et al., 2016
Brouwer et al., 2014; Castillo and Gayme, 2014 de Sisternes et al., 2016 Dowds et al., 2015; Frew et al.,
2016, Kondziella and Bruckner, 2016 Lund et al., 2015, Milligan et al., 2017; Safaei and Keith, 2015 Zerrahn
and Schill, 2017).

Cost-effective grid-scale energy storage is often considered as a critical enabling technology to realize an
affordable, reliable electricity system based solely on VRE generation. Capital costs of energy storage tech-
nologies have decreased rapidly in conjunction with improvements in technical performance ( Chen et al.,
2009; Kittner et al., 2017, Schmidt et al., 2017) and development of new technologies ( U.S. Department of
Energy (DOE), 2018. Furthermore, energy storage technologies can play several roles in grid operations,
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such as energy balancing, price arbitrage, Prming of capacity, and provision of ancillary services, thus
increasing the value proposrtron of energy storage for electric power grids ( ;

The technical performance and economic feasibility of energy storage in electricity systems have been eval-
uated using two distinct approaches. The brst approach calculates the levelized cost of electr|C|ty (LCOE)in
comparrson with the economics of electricity generation technologies ( ;

; ). Studies using this approach have often concluded that if energy storage costs
were $100/kWh (| e., afactor of 2D5 reduction from current cost estimates that range from $2000500/kWh
[ ; 1), VRE generatron supported by energy storage would be the cheap-
est way to produce electricity ( ; ). The second approach involves using
complex power system models or energ y systems models to simultaneously simulate or optimize the oper-
ation of generation technologies (such as wind and solar technologres) and energy storage technologies
(such as batteries) { ; ; ;

; ; ; )-

Variable renewable electricity with  $100/kWh energy storage could already deliver electricity at a lower
LCOE than fossil-fuel-powered generators ( ; ), but the resource ade-
guacy and reliability of the electricity output from these systems may not be the same as those of existing

electricity systems ( ). The North American Electricity Reliability Corporation (NERC)
resource adequacy planning standard ( ) requires a loss of load ex-

pectancy (LOLE) of <0.1 for the OQintegrated peak hour for all days of each planning year,00 which has been

claribed to mean that resource availability must be adequate to ensure that hourly averaged load is not met
forno more than 1 hin 10 years. LCOE studies, although transparent and straightforward, are not designed
to model resource adequacy or reliability of electricity systems ( ;

). LCOE analyses also assume a predetemined operation model to amortize
the capital investment over the useful life of the asset (e.g., energy storage).

Power system modeling studies provide increased capacity to model systems with high shares of variable
renewable electricity ( ; ; ).
showed that up to 80% reduction in carbon dioxide emissions could be achieved in an idealized electricity
system that comprises substantial deployment of VRE capacity backed up by generators powered by nat-
ural gas, in conjunction with an expanded transmission network over the contiguous United States
(CONUS). Detailed power system models and energy system models either explicitly model several Bexi-
bility mechanisms (which may or may not include energy storage) to ensure resource adequacy and reli-
ability, or they S|mp|y assume resource adequacy is not an issue ; ;
; ; ) As a result, grid-scale energy storage
generally does not provide a signibcant role in such complex electricity grid systems. It is worth noting,
however, that a study of the 2050 electricity grid in the United States found that energy storage would
be necessary during sunset hours with high levels (>50%) of solar energy { ).

More recently, several studies investigated the role of energy storage to ensure highly reliable VRE elec-
tricity. Based on geophysical constraints, showed that, without overbuilding VRE gen-
eration beyond the level to meet the mean electricity demand, a substantial capacity of energy storage
(e.g., enough to meet electricity demand for several consecutive days or even weeks) would be needed
to provide highly reliable electricity from VRE resources over a multi-decadal timescale. Using historical de-
mand and wind generation with a specibed capacity factor in Texas, U.S., concluded
that seasonal energy storage was not economical at $100D$200/kWh energy storage costs. Based on an
analysis of nearly 1,000 cases that covered varying CQ limits and a range of future projected generation
asset costs in two regional electricity systems (New England and Texas, U.S.),

concluded that availability of brm (i.e., dispatchable) low-carbon technologies would lower electricity costs
relative to cases with solely VRE-based generation. Furthermore, stated that,
without Prm low-carbon resources, a factor-of-two red uction in storage cost is not sufbcient to affordably
decarbonize the US power sector. Neither of these studies ( ; )
assessed explicitly the costs at which energy storage would compete favorably with other generation tech-
nologies. While our work was underway, reported a study of 20 years of hourly resource
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variability at four locations in the U.S. and concluded that energy storage costs would need to be <$20/kWh
to provide cost-competitive baseload electricity in re source-abundant locations such as Texas and Arizona,
U.S. This study substantially repned the energy storage cost targets within the limitations of simplibed yet
artibcial demand probles and two selected state-wide regi ons of VRE generation. These prior studies (

; ; ) have not considered resource variability or
geographical averaging of wind and solar resources over the CONUS or investigated the impact of deep
reductions in energy storage cost on VRE/storage systems.

Several states and regions of the world have enacted legislation or set policy goals that specify that all elec-
tricity generation must come from zero-car bon or renewable resources before 2050 (

). The variability in wind and solar resources relative to demand must thus be addressed by storage,
curtailment, or infrequent utilization of other zero-ca rbon generation technologies. Expensive grid-scale
energy storage is often considered to be a primary technological barrier that precludes an affordable, reli-
able electricity system based solely on VRE generation in conjunction with storage ( ;

; ; ). However, the economics of energy storage depends
critically on the frequency, magnltude and duration of storage asset utilization, where storage competes
with building additional VRE capacity to bll short-term and long-term gaps between VRE generation and
electricity demand.

The focus of this study is to assess the effects of deep reductions in energy storage costs on highly reliable
electricity systems based exclusively on VRE resources, using a transparent approach and decades-long
hourly-resolution weather data. The fundamental trade-off in system design is between overbuilding
VRE capacity (and thus curtailment of VRE electricity) and building and utilization of storage to mitigate
the short-term and long-term variability between VRE resources and electricity demand. We used a stan-
dard yet simplibed optimization model with parametrizations of a wide range of energy storage costs and
considerations of VRE/storage system scenarios (in tems of technology availability and technology costs)
to identify the roles of energy storage and the resulting system-level effects at different storage costs for
the least-cost VRE/storage systems. Owing to abstraction, the absolute numbers in the results may be inac-
curate when taken out of context, but relationships between VRE technologies and energy storage (e.g.,
ratios in terms of costs, capacity, and generation) in the least-cost systems could have practical implications
for actual electricity systems and technology development and investment of energy storage.

We constructed a transparent Macro-Energy Model (see ) to simulate the optimal
design and operation of an idealized electricity system that consists of only VRE resources (wind turbine
and solar photovoltaics (PV)) and energy storage (herein denoted as OOVRE/storage systemOO) for the
CONUS. The model simultaneously optimizes the planning decisions (how much capacity for any technol-
ogy should be built) and the operating decisions (how much of each technologyOs deployed capacity
should be dispatched) for VRE and storage assets, bagd on hourly VRE resource availability and hourly
CONUS electricity demand, subject to brst-principles constraints governing the electricity system. One
of the critical system constraints that we evaluate is hourly reliability, or resource adequacy, for which there
are at present specibc regulatory requirements ( ), as opposed to
outages that result from infrastructure or operational failures that would result in additional loss of load
hours and thus additional degradation of system reliability.

Historical hourly wind and solar generation potential between 1980 and 2015 is obtained from a reanalysis
dataset that used a variety of data sources to produce a best-bt description of the state of the atmosphere
every hour, with 60 km resolution across the CONUS ( ). We assumed exogenously
weighted-average generation potential for both wind and solar energy (i.e., hourly 80-m wind and hourly
downwelling surface solar radiation) ( ). The wind turbineOs power curve is calculated as a
cubic function of wind speed if the wind speed is between 3 and 15 m/s and a cubic function of the rated
15 m/s speed if the wind speed is between 15 and 25 m/s ( ). The average capacity factors
for wind and solar generation assets were 0.38 and 0.22 for the 36 years considered. Hourly electricity de-
mand data between July 2015 and July 2016 for the U.S. were obtained from the U.S. Energy Information
Administration (EIA) , and replicated for all years evaluated in the simulations ( ;

). The extended time series (36 years) allows hourly assessment
of resource adequacy, while explicitly considering seasonal and interannual variability and infrequent
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weather-related events over a multi-decadal timescale that is commensurate with a typical lifetime of cap-
ital assets on an electricity grid.

To generalize the bndings, we model generic energy storage characterized by capital cost, round-trip ef-
bciency (90%), and energy loss over time (see ). We assumed a power-to-energy ratio
of 1:1, and energy-related capacity and power-related capacity for energy storage are modeled together.
Emerging energy storage technologies, such as Row batteries, and power-to-gas technologies, might have
a much higher power cost but potentially a lower energy cost. The impact of power-limited energy storage
is beyond the scope and not the central focus of this work.

In the main text, we report the least-cost optimizat ion results for the baseline VRE/storage scenario
($1,500/kW wind turbine, $1,500/kW solar PV, and energy storage for 100% resource adequacy) |
; ). The
presents the least-cost optimization results for additional scenarios, including
(1) wind/storage, (2) solar/storage, (3) VRE/strage with $1500/kW wind turbine and $750/kW solar PV,
(4) VRE/storage with $750/kW wind tubine and $750/kW solar PV, (5) VRE/storage and dispatchable gen-
erators, as well as (6) the baseline VRE/storage syem for resource adequacy of 99.97%. Furthermore, we
parametrically varied the energy storage capital co st from $1,000 to $0.1/kWh. Altogether, we performed a
total of 1,512 optimizations (36 years * 6 storage costs * 7 technology and resource adequacy scenarios).

Our idealized system is a closed electricity system, and we did not consider Rexibility mechanisms associ-
ated with the conversion of electricity into heat, fuel, or other types of energy services. A (best-case)
perfectly efbcient transmission network was assumed to connect wind turbines and solar PVs, as well as
load, across the CONUS. Real-world transmission losses and regionalization of generation and demand,
by states or regional interconnection boundaries, would result in increased gaps between supply and de-
mand relative to our idealized consideration of the CONUS as a single VRE generation area and load-
balancing region. We assumed that the electricity system was constructed virtually instantaneously, and
therefore did not consider decreases in asset cost due to technology learning . Nor did we consider switch-
ing costs associated with a transition from a legacy electricity system, or lock-in costs associated with a
path-dependent electricity system transition designed to reduce and ultimately eliminate carbon
emissions.

Least-cost VRE/storage systems were evaluated across four orders of magnitude, from $1,000 to $0.1/kWh, of
energy storage costs. Although previous studies have analyzed the role of storage costs in power systems, the
computational complexity of more detailed and realistic models have limited the number of cases analyzed.
The simplifying assumptions made by our idealized model might overestimate the resource adequacy of
electricity systems but thus afford a longer-term and more comprehensive analysis of those systems.

Our analysis indicats that low-cost energy storage would have four critical system-level effects: (1) a
decrease in total systems costs and mean electricity costs, (2) a change in the relative fractions of wind
and solar electricity generation in least-cost systems, (3) a change in the roles that energy storage would
play in least-cost systems, and (4) a reduction in the variability of hourly electricity costs.

shows the mean cost of delivered electricity as a function of energy storage costs for the least-cost
VRE/storage systems satisfying a 100% resource adequey constraint. The least-cost VRE/storage system
with $1,000/kWh storage results in mean electricity costs as high as $0.174/kWh, for the assumed VRE cap-
ital costs. For comparison, near-free ( $1/kWh) storage costs would produce a 3-fold decrease in delivered
electricity costs, to $0.052/kWh for the least-cost VRE/storage system.

Near-free energy storage would eliminate the need to overbuild (by =~ 340%) variable renewable electricity
generation assets (i.e., curtailment of VRE generation) to achieve 100% resource adequacy. In contrast, the
least-cost VRE/storage system with high-cost ($1000/kWh) energy storage would require overbuilding
these assets by >3-fold to generate enough renewable electricity to meet demand during periods of
low wind and solar generation in a year ( ). As shown in , lower-cost energy storage
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Figure 1. Effect of Storage Cost on the Mean Electr icity Cost of the Least-Cost VRE/Storage Systems

The optimization results shown are evaluated using hourly weather data and actual electricity demand for the year 2015.
Current mean electricity costs ($0.06/kWh for the portion of generation cost in the annual average retail price of
electricity) (U.S. Energy Information Administration (EIA), 2018¢ and the range of current energy storage costs ($200D
500/kWh) Davis et al., 2018 Schmidt et al., 2019) are marked on the bgure. Mean electricity costs for other VRE/storage
systems (e.g., wind/storage, solar/storage, wind/solar/sto rage/dispatchable generation) and different VRE capital costs
are available in Figure S5.

substantially reduces the curtailment of renewable electricity. The amount of curtailment does not change
gradually because, in least-cost systems, the generation mix and storage capacity also change in response
to changes in storage costs ( and and ). For context, for the least-cost VRE/storage
systems studied, near-free energy ( $1/kWh) storage would result in a system cost savings of $472 billion
per year (a product of $0.121/kWh and U.S. annual electricity demand of 3.93 10'2kWh per year) relative to
analogous VRE/storage systems that insead used high-cost ($1,000/kWh) storage.

also shows that the delivered electricity costs in idealized VRE/storage electricity systems would
depend nonlinearly on storage costs. Over the full range of storage costs considered, the largest reduction
in system costs (from $0.174 to $0.095/kWh) would @cur between storage costs of $1,000 and $100/kWh.
Below $100/kWh, the same fraction (45%) of reduction insystem costs would require energy storage costs
to further decrease by an additional factor of 100. For p erspective, current energy storage costs are in the
range of $200D500/kWh (estimates differ by data source, system scope, and region) (

, ; ; ):

The nonlinear relationship between the mean electricity cost of the VRE/storage systems and energy stor-
age capital cost is a result of the different mixes of VRE resources (see and the associated discus-
sions) and distinct roles of energy storage (see and the associated discussions) in the least-cost
VRE/storage systems optimized at different storage costs. Without energy storage, to ensure 100%
resource adequacy, the system contained three times more wind and solar capacity than needed for
meeting the average demand. Thus, the addition of energy storage replaces wind and solar capacity
that would otherwise be needed for infrequent events, leading to sizeable overall system cost reductions.
At low energy storage costs (below $100/kWh), large energy storage capacity is already in the optimized
VRE/storage capacity mix. In this case, the variability in the hourly electricity prices becomes smaller, leav-
ing a much tighter space for energy storage to perform price arbitrage. Furthermore, the optimized capac-
ity mix of wind and solar generation is not constant at different energy storage costs, which in turn affects
the value of energy storage for the whole system.

For either high-cost ( $1,000/kWh) or near-free ( $1/kWh) energy storage, the least-cost VRE/storage sys-
tem would have a high ratio of wind electricity generation relative to solar electricity generation (
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Figure 2. Effect of Storage Cost on Rel ative Shares of Net Electr icity Generation and Dispatched Energy in the
Least-Cost VRE/Storage Systems

Curtailed generation of wind and solar electricity is exclud ed. The optimization results shown are evaluated based on
hourly weather data and actual electricity demand for the year 2015. Daily-average least-cost dispatch mix is available in
Figure S1 Results of wind and solar generation capacity, dispatched generation, and curtailed electricity for VRE/storage
systems (e.g., wind/storage, solar/storage, wind/solar/sto rage/dispatchable generation) and different VRE capital costs
are available in Figures S7DS1@nd Table S3 As storage costs decrease from $1,000 to $1/kWh (from the right side toward
the left), the relative share of solar generation would increase (A). A further decrease in storage cost would lead to the
least-cost system utilizing wind generation exclusively with storage accounting for 22% of dispatched energy (B).

A, and ). In these limiting cases, the variability of the renewable energy resource would be mitigated
either by building substantially larger renewable energy capacity (and extensive curtailment in periods
of low demand and high wind, for the case of high-cost storage) or by near-free energy storage. The bal-
ance between wind energy and solar energy at high-cost or near-free storage is driven by the different vari-
ability structures of wind energy (irregular over different time scales) and solar energy (consistent diurnal
cycles and seasonal variations) as well as by the relative costs of wind energy and solar energy. At high stor-
age costs, if wind energy has a lower levelized cost of electricity (LCOE) than solar energy (which is the case
for the baseline scenario due to the higher capacity factor of wind energy and the same assumed capital
cost, for simplicity, for both wind and solar generato rs), the least-cost VRE/storage system would predom-
inately deploy and dispatch wind energy because building out solar capacity does not help with times of
peak mismatches between supply and demand (e.g., evenings). At very low storage costs, wind energy pre-
dominates in the baseline scenario because of lower LCOE (again, owing to the higher capacity factor of
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Figure 3. Effect of Storage Cost on the State of Charge (SOC) for Energy Storage in the Least-cost VRE/Storage
Systems

(A) wind/solar/storage system; (B) wind/storage system; (O solar/storage system. The optimization results shown are
evaluated using hourly weather data and actual electricity demand for the year 2015. Daily-average results of storage
discharged and charged energy are available in Figures S1DS4Storage SOC results for other VRE/storage systems (e.g.,
with dispatchable generation) and different VRE capital costs are available in Figure S11 As storage costs decrease from
$1,000 to $1/kWh (from top to bottom), the role of storage ¢ hanges from plling short-term gaps between VRE generation
and hourly demand, to serving as seasonal storage for the VRE resources. The SOC proPbles for energy storage are the
same when energy storage costs are at or below $1/kWh for a given VRE/storage system . Note that the optimal storage
capacity at different storage costs varies substantially (Figure 5A).

wind in conjunction with the same assumed capital costs for wind and solar generators). If solar energy has a
lower LCOE than wind (in the alternative scenario where we assumel $750/kW solar PVs and $1,500/kW
wind turbines), wind and solar energy would complement each other in the optimized systems. The ratio
of net electricity generation between wind energy and solar energy is 4:1 for costly storage and 3:7 for
near-free storage ( and ).

In contrast, for intermediate energy storage costs ($10D1,000/kWh), a generabn mix of both wind and
solar electricity would be present in the least-cost VRE/storage system ( Aand ). For example,
with $10/kWh energy storage, solar PV would provide approximately the same electricity generation as
wind turbines (excluding curtailment). In this case, energy storage would primarily smooth out the diurnal
cycle for solar PV and thus increase the value of these assets { A).

iScience 23, 101484, September 25, 2020 7
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For >$150/kWh energy storage, the share of electricity discharged from storage assets in the least-cost

VRE/storage systems remains small (<3%) but would be essential in certain hours { Band A).In
contrast, with near-free energy storage, up to 22% of electricity demand in the least-cost system would
be met by storage, with the remaining demand met directly by VRE generation ( B). In other words,

80% of electricity demand could be met by wind and solar resources without substantially overbuilding VRE

generation capacity. This bnding is consistent with previous studies that used more detailed and complex

engineering models of the electric power grid ( ) as well as those that evaluated
geophysical characteristics of wind and solar resources over the CONUS ( ).

The role of energy storage changes from high-cost storage competing with curtailment to PIl short-term
gaps between VRE generation and hourly demand to near-free storage serving as seasonal storage for
VRE resources. In our optimized VRE/storage system, his transition is driven by deep reductions in energy
storage costs. However, in systems that already have sibstantial VRE capacity deployment, this transition
might be driven by the need to reduce curtailed electricity or price arbitrage.

shows the state-of-charge (SOC) for energy storage in the least-cost VRE/storage systems at
different technology assumptions and energy storage costs. A reduction in the SOC for storage represents
energy discharged from storage to meet electricity demand, and indicates when and how much energy
storage would be needed to ensure adequacy of VRE resources.

At high costs (>$100/kWh), energy storage is charged and discharged within a day. This could happen irreg-
ularly for wind-only or wind-dominated (e.qg., baseline) systems ( A and 3B) but takes place daily for
solar-only systems to smooth out the diurnal solar irradiation cycle ( C). At costs between $1 and
$100/kWh, the operational cycle of energy storage extends from a day to several days or even weeks, which
is more salient for wind-only or wind-dominated systems ( ). At near-free costs, energy storage cycles
on an annual basis to balance out VREgeneration and electricity demand for any mix of VRE sources consid-
ered ( ). In this case, energy storage discharges to meet the annual generation trough of the VRE re-
sources in late spring and summer (mid-May to mid-September) for wind-only or wind-dominated systems,
or fall and winter (mid-October to February) for solar-only or solar-dominated systems.

shows the cost-duration curve for the least-cost VRE/storage systems. A cost-duration curve is ob-
tained by sorting hourly electricity costs from high to low in a given year. Hourly electricity cost is calculated
using the Lagrange dual variable of the hourly energy balance constraint for the VRE/storage system in the
optimization model ( ), and represents the shadow price for the VRE/storage
system to meet one additional unit of energy demand.

At high storage costs ($1,000/kWh; blue curve in ), hourly electricity costs would be unevenly
distributed: for 99% of the time, hourly electricity costs would be close to zero because of the abundance
of VRE generation capacity to meet the additional electricity demand for these hours; however, for19 hina
year, the hourly marginal electricity costs would reach $73/kWh (for the assumed VRE/storage system).
These high hourly costs are a consequence of building VRE capacity that would be used for only a few hours
per year. The high mean electricity costs ( ) are a direct result of these few but highly expensive
hours (OOpeak cost hoursO8; ).

Low-cost energy storage would greatly reduce variabilit y in the hourly electricity cost in the least-cost VRE/
storage systems ( ). The corresponding cost duration curves would become Ratter (e.g., red and
purple curves in ) as energy storage costs decrease. An oder-of-magnitude reduction in storage
costs (in the range from $1,000 to $0.1/kWh) would lead to an order-of-magnitude reduction in hourly elec-
tricity costs for peak cost hours, by avoiding additional VRE capacity that otherwise would be needed only
for these peak cost hours. In contrast, owing to price arbitrage, in these VRE/storage systems, utilization of
energy storage would increase hourly electricity costs slightly for the non-peak-cost hours. Nevertheless,
cost reductions for peak cost hours substantially outweigh cost increases for non-peak-cost hours, leading
to overall system cost reductions as energy storage costs decline.
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Figure 4. Effect of Storage Cost on the Cost Durati  on Curve for the Least-Cost VRE/Storage Systems

Hourly electricity cost is calculated using the Lagrange dual variable of the hourly energy balance constraint for the VRE/
storage system in the optimization model ( Boyd and Vandenberghe, 2004) and represents the shadow price for the VRE/
storage system to meet one additional unit of energy demand. We assumed a near-zero cost to represent operation and
maintenance costs for wind, solar, and energy storage and a 90% round-trip efbciency for energy storage. These realistic
representations lead to non-zero hourly costs. Bold lines show optimization results for the year 2015, and shaded areas
show the range of results for independent annual optimizat ions (1980D2015). Results for other VRE/storage systems (e.g.,
wind/storage, solar/storage, wind/solar/storage/dispatch able generation) and different VRE capital costs are available in
Figure S12 In VRE/storage systems withhigh storage costs (e.g., R $100/kWh, blue and orange curves), the hourly
electricity costs at peak cost hours would also be high. At lo wer storage costs, the cost-duration curves would Ratten out
due to price arbitrage (green, red, and purple curves).

The levelized cost of storage (LCOS) is a widely used metric in the techno-economic assessment of energy
storage technologies ( ). As debnedin (Equation 3), LCOS is the ratio
of the annualized capital cost of energy storage divided by the total discharged electricity from energy stor-
age. In other words, LCOS represents the levelized cost of the discharged electricity from energy storage if
charging were free; it also represents the levelized arbitrage spread needed to recover bxed costs of
cycling the storage per unit of energy discharged.

As shown in A, in the least-cost VRE/storage systems, lower-cost energy storage would lead to an
increased deployment of storage, but at the expense of reduced storage utilization. If energy storage costs
were to decrease from $1,000 to $0.1/kWh, the optimal capacity of storage deployed, represented in terms
of the mean hourly electricity demand met by a full discharge of the stored energy, would increase from 4 to
1,437 h (about 2 months), and contribute a bxed cost of $0.01/kWh to the least-cost VRE/storage system
( A). For a system sized to meet the current U.S. electricity demand of about 3.93 10*2 kWh per year,
the expenditure on energy storage would be roughly $39 billion per year.

The relationship between system expenditure on storage and cost of storage depends on the relative costs
and resource availability of wind and solar energy. In a wind-dominated VRE system (i.e., wind has a lower
LCOE than solar; A), the system expenditure on storage is relatively constant across a wide range of
energy storage costs. For a solar-dominated VRE system (i.e., solar has alower LCOE than wind; ),
the system expenditure on storage reduces as energy storage cost declines. Specibcally, the investment
needed for near-free ($0.1/kWh) energy storage would be two orders of magnitude lower than that for
high-cost ($1,000/kWh) energy storage ( ). This behavior occurs because solar and storage can
provide dispatchable generation when paired at speci bc capacity ratios. Thus, in terms of storage invest-
ment, the increase in storage capacity is outweighed by the reduction in storage costs in a solar-dominated
VRE/storage system.
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Figure 5. Effect of Storage Cost on the Deployed Storage C apacity and Utilization of Storage in the Least-Cost
VRE/Storage Systems

Bold lines show the optimization results for the year 2015, and shaded areas show the range of results from independent
annual optimizations (1980D2015). Results foother VRE/storage systems (e.g., wind/storage, solar/storage, wind/solar/
storage/dispatchable generation) and di fferent VRE capital costs are available inFigures S13and S14 If storage costs
were to decrease, the capacity of storage deployed would increase (A), but expenditures on storage averaged over total
delivered electricity by the VRE/storage system(dashed lines in A) would remain dose to $0.01/kWh (roughly $39 billion
per year for a U.S.-size system). In the meantime, utilizatn of storage would decrease (B), and the levelized cost of
storage (the mean cost of electricity di scharged from storage; dashed lines in B) would decrease from $10 to $0.01/kWh.
Low-cost energy storage could also mitigate the impact of int erannual VRE resource variability on storage capacity and
utilization in the least-cost systems.

Driven by reduced storage cost, the utilization of energy storage would Prst increase from 9 cycles (full
discharge equivalent) per year to 31 cycles (full discharge equivalent) per year, and would then decrease
to 1 cycle (full discharge equivalent) per year for the baseline VRE/storage system | B; see also

), and the LCOS of energy storage would decrease from $9.22/kWh to $0.01/kWh ( B). Because
the capital cost of energy storage is proportional to the product of LCOS and utilization of energy storage
(Equation 3in ), these results imply that at least three orders-of-magnitude reductions
in storage costs from current values would be requir ed for the least-cost VRE/storage systems to produce
100% reliable electricity without substantially overbuilding VRE capacity.

In the least-cost VRE/storage systems, energy storage roughly follows the Pareto Principle, as 20% of the
storage capacity supplies 80% of the discharged energy, whereas the additional 80% of the storage
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Bold lines show optimization results for the year 2015, and shaded areas show the ranges of results of independent annual
optimizations (1980D2015). The plot for $1/kWh storage is idential to that for $0.1/kWh storage (purple). The inset Pgure
shows the enlarged $0.1/kWh (purple) curve for a small fracion (0D0.05) of the optimal capacity. This bgure is based on a
reanalysis of the optimized results of storage capacity and utilization in the least-cost VRE/storage systems Transparent
Methods). Results for other VRE/storage systems (e.g., wind/storge, solar/storage, wind/solar/storage/dispatchable
generation) and different VRE capital costs are available inFigures S15and S16 Across a wide range of storage costs
($10D1000/kWh), energy storage follows the Pareto Principle: a srall fraction of the capacity is well-utilized and the rest of
the capacity is under-utilized. For example, in a VRE/storage system with $10/kWh storage, 20% of the storage capacity
would supply more than 80% of the total discharged energy.

capacity supplies only the remaining 20% of discharged energy ( ; algorithm available in

). With increasing capacity, additional storage is used less frequently. When storage is
cheaper than building additional VRE generation capacity, the least-cost VRE/storage system would
deploy and operate storage to pbll the gaps between VRE generation and electricity demand. The need
for the discharged energy from storage assets is thus not constant in frequency or quantity ( ). En-
ergy storage sized to meet the maximum of such needs is bound to be underutilized most of the time
because OOthe maximum needOO happens rarzty (). Moreover, low-cost energy storage would
decrease the installed VRE capacity (by reducing curtailment) and increase the energy storage capacity,
further exacerbating the low utilization of energy storage.

As discussed above, energy storage performs distinct roles in the least-cost VRE/storage system optimized
at different storage costs ( ). In , the curves for $1 and $0.1/kWh storage show distinctly
different shapes compared to those for other storage costs. At these near-free costs, with orders-of-magni-
tude larger capacity deployed ( A), energy storage serves primarily as seasonal storage for the VRE
resources ( ), thus exhibiting a linear patternin . Only a small fraction of the storage capacity
(which is comparable with the optimal energy storage c apacity at higherstorage costs) exhibits a concave
pattern following the Pareto Principle ( , inset bgure).

shows the system cost reductions that would be provided by energy storage relative to expendi-
tures on energy storage for the least-cost VRE/storage systems optimized at storage costs ranging from
$1,000 to $0.1/kWh. The system cost reduction is calcuhted as the difference in the mean electricity cost
of the least-cost VRE system (i.e., without storage) and that of the least-cost VRE/storage system.

Low-cost energy storage would lead to s ubstantial system cost reductions ( ; also consistent with

) for the least-cost VRE/storage systems. The ratb of system cost reductions to energy storage ex-
penditures would increase substantially if energy storage costs were to decrease. For most years studied,
$1,000/kWh energy storage would produce a system-cost-reductions-to-storage-ex penditures ratio of less
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Each point represents the results of an independent annual optimization (1980D2015) for an assumed energy storage cost. Points
with bold black border lines indicate the results for the year 2015. Results for other VRE/storage systems (e.g., wind/storage,
solar/storage, wind/solar/storage/dispatchable generation) and different VRE capital costs are available in Figures S17and S18
System cost reductions (dePned as the difference in mean electricity cost for the least-cost system without and with energy
storage) are consistently greater than expenditures on energy storage (averaged over total delivered electricity by the VRE/
storage system) across a wide range of storage costs (denoted by points in different colors).
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than six, whereas $10/kWh energy storage would lead to system cost reductions that are more than 10
times greater than energy storage expenditures. Consequently, reductions in energy storage cost may
not alone expand the size of the grid-scale energy storage market ( A), but instead would primarily
promote the public good by delivering electricity cost reductions for end users. These conclusions could
differ for other energy storage markets, such as electric vehicles in the transportation sector.

The interannual variability of VRE resources could hae a substantial impact on the optimal design and
operation of electricity systems based primarily on variable renewable generation assets. For the least-
cost VRE/storage systems at high storage ®sts ($1,000/kWh), theevaluated metrics ( cost-duration
curves; storage capacity and utilization; system cost reductions due to energy storage)
showed substantial variations across 36 independentannual optimizations, based on resource availability
for years 1980D2015. In contrast, at lower storage costs,itese studied metrics started to converge across
the least-cost VRE/storage systems optimized for different years. Hence another system benebt of ultralow-
cost energy storage is associated with the Rexibility to mitigate interannual variability of wind and solar
electricity generation. This Rexibility would be especially valuable in light of the profound uncertainty in
energy systems planning that arises from socioeconomic activities, technology innovation, development,
and adoption, and climate change ( ).

In ( ), we present results for different specibcations of VRE/stor-
age systems (e.g., wind/solar/storage, wind/storag e, and solar/storage) and different VRE costs (baseline
wind energy costs, and 50% lower solar energy costs; 50% lower capital costs for both wind energy and so-
lar energy). Across these scenarios, the least-cos VRE/storage systems are governed by a fundamental
trade-off between building additional VRE capacity and deploying and utilizing storage. At lower VRE
costs, the least-cost VRE/storage systems would avoid eéctricity curtailment from additional VRE capacity
only if energy storage costs further reduce to $0.1/kWh, an order of magnitude lower than the baseline
case. This is because lower VRE costs make curtailmetiess costly to the VRE/storage systems ceteris par-
ibus, so energy storage has to be even cheaper to compete with overbuilding VRE capacity.

The system cost reductions due to low-cost energy storage depend on technology cost and technology
availability assumptions. In solar-only VREstorage systems, energy storage leads to >2x system cost reduc-

tions than the baseline case (with both wind and solar) for the same storage cost ( and ).
Furthermore, system cost reductions for wind-only VRE/storage systems are much more sensitive to
weather variations over 198092015 than tk solar-only VRE/storage systems { ).

We caution that specibc system costs are sensitive 6 changes in asset costs. For instance, a system with
50% lower VRE capacity costs and $1,000/kWh storagevould produce 100% reliable electricity at a cost
($0.097/kWh) comparable with a system with the baseline VRE capacity costs and $100/kWh storage
($0.095/kWh). Hence a more meaningful comparison is associated with relative cost changes between sys-
tems evaluated in this work. These relative system cost comparisons provide a tool to uncover the funda-
mental relationships between VRE technologies and storage for the least-cost VRE/storage systems. Re-
ductions in generation asset costs in the future would lower system costs. However, the parameterized
ratios between generation costs and energy storage costs would still apply, so decreases in future wind/
solar generation costs would require proportionat e reductions in energy storage costs for storage to be
deployed relative to curtailment of wind and solar generation in least-cost reliable electricity systems.

Previous studies ( ) showed that dispatchable low-carbon generation technologies

consistently lower decarbonized electricity system costs. Our results ( ) support this conclusion
when dispatchable generators (modeled after natural gas combined cycle power plants with carbon cap-

ture and storage technology) were included in the VRE/storage electricity system. In this case, dispatchable
generators generated about 60%, 50%, and 20% of electricity demand when the capital costs of energy
storage were $1000/kWh, $100/kWh, and $10/kWh, respectively | and ).

As a result, system cost reductions due to declining energy storage costs in the VRE/storage/dispatchable
generation systems shrink substantially compared to the baseline VRE/storage systems (without
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dispatchable generation) for the same energy storage cost. At storage costs of $10D1,000/kWh, energy
storage leads to only about 10% of the system cost reductions when dispatchable generation is present
compared with the baseline case without dispatchable generation ( and ). However, system
cost reductions caused by low-cost storage still outw eigh the expenditure on storage even when dispatch-
able generation is present ( ).

The main conclusion that energy storage cost would have to be several orders of magnitude lower than

todayOs cost for the least-cost VRE/storage systems to gnerate reliable electricity without overbuilding

VRE capacity is still valid. Indeed, when dispatchable generation is present, storage cost would have to
be even lower than the baseline case (to $0.1/kWh) for the VRE/storage system to eliminate dispatchable
generation ( , ,and ).

In ( and and ), we present results for the least-cost
VRE/storage systems optimized for a resource adequacy constraint of 99.97% rather than 100% over a year.
The mean cost of electricity for the 99.97% case would be lower than that for the 100% case ( ). With
$1,000/kWh storage, the least-cost capacity mix of VRE and storage for the 99.97% case is different from
that for the 100% case. Compared with the case of 100% resource adequacy, 13 times more solar capacity
would be built (18 GW versus 260 GW), but wind capadty and energy storage capacity would decrease by

11% (4,402 GW versus 3,932 GW) and 38% (1,921 GWh versus 1,190 GWi;} { and ). Asaconse-
guence, the mean electricity cost is 13% cheaper. When storage costsless than $100/kWh, the optimal ca-
pacity mix for these two cases of resource adequacy requirements would be similar ( ).

Geophysical constraints on the variability of wind and solar resources are a substantial driver of system
costs owing to the need to oversize VRE capacities or deploy adequate storage to avoid infrequent,
long-duration outages as well as compensate for seasonal resource variability. Even with the favorable as-
sumptions that underpin the idealized VRE/storage systems modeled herein, specibcally lossless transmis-
sion and ideal utilization of the solar resource simultaneously over four time zones, as well as instantaneous
aggregation of the wind resource over the entire CONUS, substantial gaps can nevertheless be present
between hourly electricity demand and VRE generation over a representative year (Figure 2 in

).

The results indicate that energy storage faces OOdouble penalties®0 in VRE/storage systems: with increasing
capacity, (1) the additional storage is used less frequently and (2) hourly electricity costs would become
less volatile, thus reducing price arbitrage opportunities for the additional storage. Furthermore, the role

of energy storage changes from high-cost storage competing with curtailment to bIl short-term gaps be-
tween VRE generation and hourly demand to near-free storage serving as seasonal storage for VRE
resources.

The economics of energy storage depends critically on how storage is used ( ; ;

; ). For instance, Davis et al. estimated that the cost of discharged
electricity from the same lithium-ion batteries could rise from $0.14/kWh to $0.50/kWh if the use of storage
were to decrease from daily cycling to weekly cycling ( ). Hence storage is inherently expen-
sive for applications in which large capacity of energy storage is infrequently used, as we have shown in the
studied VRE/storage systems. To avoid overbuilding VRE capacity and curtailment of VRE electricity, en-
ergy storage should have adequate capacity to serve as seasonal storage for the VRE resources. An ultralow
storage cost is thus required to make storage economically competitive either with the curtailment of VRE
capacity or with other mechanisms that provide Rexibility to mitigate the variability of VRE assets while
maintaining system resource adequacy.

The general conclusion is that the needed cost reductions in energy storage in a reliable variable renew-
able energy (VRE) electricity system are not factors of 2D5 from present values, as might be deduced
from an LCOE analysis, but are on the order of 100-fold relative to current capacity costs for grid-scale en-
ergy storage (such as batteries). This 100-fold requied reduction is driven by the fundamental trade-off
in system design between overbuilding VRE capacity and building and utilization of storage to mitigate
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short-term and long-term weather-related variabilit y for VRE resources, even assuming perfect transmis-
sion of wind and solar generation aggregated over the CONUS to all load. This bnding is robust for
different VRE costs and systems with dispatchable generators (such as natural gas, hydropower,
geothermal, and nuclear Pssion). Moreover, if VRE costs were to decrease, then storage costs would
have to be even lower to favor storage relative to VRE capacity.

Our results are in qualitative accord with and are reinforced by recently reported work ( )
performed in parallel with our study that evaluated the least-cost combination of wind, solar, and energy
storage assets to meet simplibed yet artibcial demand probles using 20 years of renewable energy data with

an hourly resolution at four locations across the United States and concluded that <$20/kWh storage en-

ergy capacity costs are necessary for OOcost-competitive, reliable baseload electricity generation.O0 Similarly,
through the study of a CONUS-scale VRE/storage system, our bPndings extend and quantify the conclusion
from that seasonal energy storage is not economical at $1000200/kWh energy stor-
age costs for a wind/storage system in Texas, U.S.. Qur analysis of VRE/storage systems with and without
dispatchable generators highlights the role of dispatchable generators in future low-carbon electricity sys-

tems (such as VRE/storage systems), and corroborates Os pnding about ©0OPrmO0 dis-
patchable low-carbon generation resources.

The costs of electrochemical energy storage technolo gies (such as Li-ion, Ni-MH, Ni-Cd) have reduced sub-
stantially over the past several decades owing to public and private research and development (R&D) and

economies of scale ( ; ). Recent estimates show that grid-scale energy
storage can cost as low as $250/kWh, although cost estmates vary by chemistry, manufacturer, and region
( ; ; ). Continued R&D and expanded penetration in

specibc markets (e.g., personal electronics and, increasingly, personal automobiles) may further drive down
storage costs, but near-free energy storage ( $1/kWh) is unlikely to be attained in the near term. For
context, the U.S. Department of Energy recently set an R&D target of $100/kWh for utility-scale energy stor-
age ( ). Costs far below $100/kWh are likely not feasible
through economies of scale associated with mass manufacturing of any currently known battery technol-
ogy, due to cost limitations associated with the r aw materials required for energy storage itself (

). Our analysis thus underscores the need to research, demonstrate, and deploy fundamentally
new battery chemistries for infrequently utilized energy storage applications that only utilize highly abun-
dant, very inexpensive raw materials in conjunction with ultralow-cost manufacturing processes (

).

The steep diminishing returns for energy storage cost reductions in VRE/storage systems indicate that
other technologies that could provide Rexibility, such as expanded electribcation and demand response
in heating, industry, and transportation; low energy-cost long-duration storage technologies (e.qg., thermal
storage, power-to-gas, and power-to-liquid fuels); and high-voltage direct-current (HVDC) transmission
lines are likely to be cost-effective components for fu ture zero-carbon energy systems. Furthermore, as
has been previously noted ( ; ; ), the availability
of dispatchable generation can markedly reduce the costs of electricity systems otherwise dominated by
solar and wind power. Publicly funded R&D at both device and system levels could potentially improve
the technical and economic performances of these technologies, and facilitate the integration and coordi-
nation of these technologies into reliable renewable energy systems.

In the least-cost VRE/storage systems considered heaein, the amount of money spent on energy storage,
for systems meeting current CONUS electricity demand, would remain mostly constant ($39 billion per
year, which depends on the costs and capacity factors of VRE technologies) across a wide range of energy
storage costs ($1D1,000/kWh). Hence, in these scenarigstorage innovations would provide investors with
a competitive advantage, but would no t substantially increase the overall market size for grid-scale stor-
age. The total electricity system costs may decrease sibstantially as a result of declining storage costs,
which may motivate public support for the R&D of energy storage technologies. The reductions in system
costs (compared to the same electricity system but without energy storage) are almost always greater than
the expenditure on energy storage for the range of sto rage costs studied ($1,00000.1/kWh). Moreover, the
ratio of system cost reductions to storage expenditures would increase substantially if energy storage costs
were to decline from $1,000/kWh to $0.1/kWh. This potential mismatch between private and public
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benepts suggests a need for public R&D support for energy storage technologies to account for the pos-
itive externality and promote the public good.

Although we focused primarily on the impact of deep reductions in energy storage costs on highly reliable
VRE/storage systems, we note that energy storage provides many other grid services such as capacity
values and ancillary services ( ; ). Future
research may assess how to best design and operate enegy storage technologies for these applications,
develop new methods and tools to quantify multiple values of energy storage simultaneously, and study
electricity market designs that efpciently manage variable renewable energy resources and energy storage

( ).

The Macro-Energy Model provides a transparent approach to evaluate the degree to which energy storage
costs would have to decrease to ensure resource adequacy in an electricity system with high shares of VRE
generation. It assesses the fundamental system trade-off associated with building and operating energy stor-
age and overbuilding VRE assets (and curtailment of VRE electricity) to ensure resource adequacy of the VRE/
storage system with explicit consideration of weather-related short-term and long-term VRE variability.

The use of a macro-energy model has allowed us to evaluate 1,512 (36 years * 6 storage costs * 7 system
designs) optimization cases to assess the impact of energy storage costs on VRE/storage systems with
various levels of resource adequacy requirements in the context of short-term and long-term weather-
related variability of VRE resources on a multi-decadal timescale. In comparison, it would be challenging
to achieve these tasks using state-of-the-art power engineering models or energy system models that
include rebned geographical representations, high temporal resolutions (e.g., 5 min or shorter time steps),
and sophisticated technical details. The role and utility of these emerging macro-energy systems models
have been discussed recently in detail ( ).

Although batteries and all storage technologies, in general, require specibcation of both energy and power
costs, energy storage costs are a vital quantity to assess the role of energy storage in VRE/storage systems
with respect to daily, seasonal, and interannual resource variability. Storage can provide additional services
to areliable grid, including 5-min load balancing and short-term stability services, for which power costs are
an essential metric, but these services are beyond the scope of this work. The focus of this work is the funda-
mental trade-off between overbuilding VRE capacity (and thus curtailment of VRE generation) and building
and utilization of storage to achieve the requisite hourly resource adequacy for the VRE/storage systems
over a long time period. To cost-effectively obtain s hort-term and long-term resource adequacy and reli-
ability would likely require the utilization of several types of storage technologies synergistically, each of
which has individual advantageous characteristics concerning power costs or energy costs.

This work used a historical demand proble owing to the limited availability of modeled future demand data at
hourly resolution ( ). The US EIA electricity demand dataset (

) was the only reasonably complete and reliable record available at the time when this
study was conducted. Consequently, the US EIA demand data (between July 2015 and July 2016) were repli-
cated for each of the years evaluated in this study, with correction for leap years where needed. This
approach allows robust investigation of the roles o f energy storage in VRE/storage systems with explicit
consideration of daily, seasonal, and interannual variability in VRE resources. High solar output and high sea-
sonal average demand might be correlated for the year 2015 owing to the impact of solar irradiance on cool-
ing demand. The robustness of the Pndings was validated through single-year optimizations using hourly

weather data for each year in 198002015, which contains substantial interannual variability in VRE resources.

Future electricity demand probles could be different from historical ones due to accelerated electribcation of
transportation, heating, and industry, which would occur alongside any transition to VRE/storage systems.
Furthermore, the Rexibility of these demands at different timescales and as a response to various incentives
would lead to distinct roles for energy storage in such systems. The study of energy storage and Rexibility of
demand in a variety of possible future electricity systems is beyond the scope of this study.

Actual electricity systems are spatially segregated and linked by capacity-limited transmission lines. The im-
pacts of VRE resources are likely to be amplibed by congested transmission lines and various grid conditions,
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which would require a more detailed electricity system model to assess in full. A more sophisticated OOreal-
world®O model that accounts for transmission losses and regionalization of generation would exacerbate the
gaps between VRE resources and electricity demand and thus further emphasize the need for energy storage
to effectively mitigate the variability of VRE resources relative to curtailment or other means of Rexibility. Use of
a shorter load balancing time in modeling, such as 5 min, would be appropriate to simulate other grid stabi-
lization and load balancing mechanisms ( ; ; ;

) but would not directly improve characterization of hourly averaged VRE resource variability and
demand variability that fundamentally determine the behaviors of VRE/storage systems.

In this work, we optimized the VRE/storage system on an hourly basis for 1 year. To illustrate the impact of
interannual variability of VRE resources, the analysis was repeated using hourly weather data for each year
from 1980 to 2015. Owing to computational (memory) limi tations associated with simultaneous optimiza-
tion of hourly storage capacity over 5 years, we are unable to solve the optimization for VRE/storage sys-
tems with weather data for more than 5 years at a time. Furthermore, the assumption of perfect foresight in
multi-decade planning is not realistic, and the forecast data would nevertheless contain errors, both of
which are fundamental challenges for long-term planning. In the additional runs, multi-year optimizations
led to a slightly higher mean electricity cost and larger energy storage capacity than those obtained from
single-year optimizations. These results are driven by a higher degree of mismatch between VRE resources
and electricity demand over multi-year periods than in a single year. The general conclusions of this work,
arising from the system design trade-off in overbuilding VRE capacity and building and utilizing energy
storage to address the mismatch between VRE resources and electricity demand at different timescales,
would remain robust in multi-year or multi-decade optimization cases, but the exact numerical results
could vary from those specibed herein.

Further information and requests for resources should be directly to and will be fulblled by the Lead Con-
tact, Ken Caldeira ( ).

This study did not generate any new materials.

Original data and processed results (including underlying data for all Pgures in the main text) have been
deposited to Zenodo: . The code of the macro-energy model is available at

All methods can be found in the accompanying
Supplemental Information can be found online at
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Transparent Methods

'HILOLWLRQV

$QQXDOL]HG FDSLWDO FRVW $&& LV FDOFXODWHG E\ PXOWLSO\LQJ FDSL!'
ZKLFK LV WKHQ GHWHUPLQHGDRWL DY WHIH GLLYWRMROPGIW UDWH

(1)
(2)

/IHYHOL]HG FRVW RI VWRUDJH /&26 GHILQHG LQ EHORD QHQXFBRCPL3 B &V H
FDSLWDO FRVW GLVFKDUJHG HQHUJ\ DQG GHSOR\HG FDSDFLW\

ZKHUHUHSUHVHQWY GHSOR\HG FDSDFLW\ RI HQUWHSUNWRUWDV HK RNK:IKO\ BEQG

HOHFWULFLW\ IURP HQHUJ\ VWRUDJH N:K IRU KRXU W 1 LV WKH WRWDO
DVVXPHG JHUR RSHUDWLRQ DQG PDLQWHQDQFH FRVWV

ODFURHUJ\ ORGHO

‘H X\DHVLPSOH@HBURRSWLPL]DWLRQ PRGHO WERHHS YHVGWHRDIHAWRIO W MHMR U D I®I X
FRWOVWKH GHVLJQ DQG RSHUDWLRQV RI YDULDEOH UWQR XDEDH HR X ¥ BAUW
FDSDFLW\ GHSOR\PE@OWD RIL B ZHYGIMWRUDJH DVVHWVY DV ZHOO DV WKH (
PLQLPL]H WKH WRWDO V\VWWPOFFWAU L FKW\PRIGPDQGHWRLEH PHW VRU HYHU\
SHUIHFW IRWNVGHWHDPIGQLVWLF 03\@HPL DSVIRIQ PARRAIO R X ® GIDRPGIFDAV B R Q \
SK\WLFDO FRQVWUDLQWY VXFK DV HQHUJ\ EDODQFH EHWZHHQ HOHFWULFL
EDODQFH IRU HQHUJ\ VWRUDJH DW DQ\ KRXU DQIQERYRWHQWQWO® OH QH
GHWHUPLRMSD ELW\ IRU HDFK JHQHUDW LRGP DWHIKKPRW RED FRQVPE B D MG |
RSWLPL]DWLRQ PRGHO LV VKRZQ LQ



ZKHUH VXSHVU\DFRRUBSIWRWH ZLQG VRODU DQG HQHUJ\ WWWHRSIDHIWH QW V STHF W E
LQ D \HDU 7KH YODQUA DEO-HKRXUO\ FDSDFLW)\ IDFWRUV IRU ZLQG DQG VROD!

UHDQDO\VLYV GHDSWHWDWHGWY KRXUO\ HOHFWULFLWALVG WKIHQGRNRW WKR2WEH6 | RLF

VWRUHG LRUDJIHU N KHVER QAKMBLORYSQIEI ILFLHQF\ RI HQHUJ\ VWRSDHMHQYE W
WKH PD[LPXP DOORZHG IUDFWLRQ RI HOHFWU L F L WH \GRCDFHGOEEM XECHIVV WR L

ZRXOG KDYH &RQVWDQWYV DQG UHSUHVHQW WKH DQQXDOL]JHG F
ZLQG SRZHU VRODU SRZHU DQG HYQRXINOY WREEQW /RIW G/HKIH (HHF®R @GRIPLF St

QRW PHHWLQJ HOHF WHKLNLWN )XGG\POMKEH HFRQRPLF SHQDOW\ LV VHW DV

7KH GHFLVLRLR¥FOMGEEDHYLYSDWFKHG HOHFWULFLWY I[URPWVWLQBQmLQRG VROI
GHSOR\HG FDSDFLW\ Rl ZLRGGD QGL VRIOMUWA BEMHWWKH JULG WR HQHUJ)

DQG FKDUJHG HQHUJ\ ITURP HQHUJ\ DWRUDJHGWB OWRKHG FD&GEDFLW\ RI HQHU
DQG ILQDOO\ HOHFWULFY U LDREDG QYR HPABE & H HHOWHERIDJUL FH @/ HOHFW U L

HQHUJ\ VWRUDQHUJI\ VWRUHG LQ HQNUJ\VWDRWUDYBDULDEOH DQG LV GHWHUF

DV ZH{30A® WKHV MW IXORQBDEMDWMVYH VYBRIWHKWIEAWH XQFRQVWUDLQAHRS/WQ REW
VROXWLRQ IRU WKH VSHFLILHG W\SHV RI JHQHUDWLRQ DQG VWRUDJH DVYV

7KH WRWDO V\WW\LHR FIRWW E\ YDU\LQJ WKH GHFLVLRQ YDULDEOHV IRU JHQ
IXQGDPHQWDO SK\VLFDO FRQVWLPBEMYR\YDULDEOH FRVWY ZHUH DVVXPF
DQG HQHUJ\WRWRKBIJREMHFWLYH IXQFWLRQ RIQION FPRIQVHIVWIHRQ R1 | UHHSSU AR
WKH HQHUJ\ EDODQFH FRQVWUDLQW IRU WKH UHQHZDEOH HOHFWULFLW\ \
JHQHUDWLRQ ED\FiDG DRFLRNLR WAR UZKEIDRK L QZ WX WERIHEP S HQIGH IRVQV XPHG W HF K ¢
(TXDWLRQV FKDUDFWHUL]H WKH GLVFKDUJHG HQHUJ\ FKDUJHG HQHUJ\
UHVSHFWLYHO\ :H DWRSMIU® W MDHBIGH Q H WU G\D\OWDR U(F XHD W L R QU H V RIHUSFHH V H C
DGHTXBAXLUHPHQW IRU WKH ZKROH V\VWHP

+RXWHDHFWULFLW\ FRVWVZ KR ZHY WQP)RWHEGH XVLQJ WKH KRMH@MHHBIGXDO Y
EDODQFH FRQWWKUHD @ W WR U R G/ DIMGHPDQGHQEHUJKH

7KH YDULDEOH UHQHZDEOH HDHF® WOFLEM\QHYV DD’ B/EREKDHYFERGRRDR ¥ R O X\PIH.G
H[RIJHQRXVO\DXHUIXMHIHQHUDWLRQ SRWHQWLDO |IRPHEBRMWKZZQEG DMGG KR
GRZQZHOOLQJ VXUIDFE VRN U HMREIDDWLLARGKIDEQNRY W \E 2D ZLQG WXUELQH !
SRZHU FXUYH LV FDOFXODWHG DV D FXELF IXQFWLRRWRIXQQ ® FXHEHE ILX QK
RI WKH UDWHG  PLWQ® SABHGI G| LW KEFFHVBEBDIQ® U HW7BKE FDSDFLW\ IDFWRUV IF
DQG VRODU UHVRXUFHV DYHUDJHG RYHD W 186 GRU W KIH VIS HEFBWNY FRQDM. G |
WKH DVVXPHDYAHILD KW BIIBQHUDWLRQ SRWHQWLDO RI ZLQG DQGNKRO®BU PLJI
UHSRUWHG LQ WKH UHFHQW ZLQG DQG VRODU HQHUJ\ SURMHFWYV DV ZH FI
ZKLFK ZRXOG LQHYLWDEO\ EH GHSOR\HG LQ SODFHV ZRXHXRMUKNMH QHH/®R X U
IRU HQHUJLWWBUYDHE E\ WKH WHPSRUDO DQG VSDWLDO FRUUHODWLRQ DQ¢
DV WKRVH Rl HOHFWULFLW\ GHPDQG VR WKH FRQFOXVLRQV RI RXU VWXG)

$FWXDO KRXUO\ HOHFWULFLW)\ EO-RDGH 8 Q WBOQI®R UXWK H 8 (ZIH i 6 WAV HINR P
DO ZKLFK LQ WXUQ ZHURFREBYHGHRQ\GRWPDWLRQ $GPLGLVWUQWLRQ
SRZHU SOBRMUDIIREDS U ER® FWHQHIWIWRER@RORJILHYV VXFK DVZLRWK/ EO UERQ SF
FDSWXUH DQG VWRUDJH &&6 ELRHQHUJ\ ZLWK FDUERQ FDSWXUH DQG V\
SRZBWIRW FRQVLGHUHG LQ WKLV VWXG\

TDEOKSBHVHQWY WKH WHFKQRORJ\ DVVXPSWLRQVFRVWEF RHIZHODG WX WEHKH |
VRODU 39V ZHUH ERWK INVWRPKLG RMFH EBWM \WIKBIDO FWVRHUZLQWLFYG VRODU UHV



1IDWLRQDO 5HQHZDEOH (QHUJ\ /IDERUDWRU\ 15(/ 86 (QHBJ\ ,QIRUF
JHQHULF HQHUJ\ VWRUDJH WHFKQRORJ\ ZDV DVVXPHG ZLWK D FKDUJLQJ W
FRQVWUDHQWRHUHDWK URSGIGILFLHQF\ DQG D ORVV LQ WKEHUWRKIOG HQ
DQG 6FKLOO

$OJRULWHKPDIRULQJ 6WRUDJH 8WLOL]DWLRQ

‘H VKRZHG WKH XW RO HQMWULR QQ/RW WEHOKH PDLQ WH[W 7KH DOJRULWKP X

WKLV DQDOWIHR[LY OLVWHG

JLUVAM UDQ WKH RSWLPL]DWLHRANKB Y & HRARLLIVDIREMDEGRPHWKH RSWLPL]DWLRC
WKH RSWLPL]HG BBISDRAWE VWRH RBWLPL]HG GLVFKDUURG W®H U LIG R\PF

HQHUJ\ VWRUDJH WKH RSWRBIHE/MFHUDRP HQHUJ\ VWRUDJH WGGNKH JUL

WKH HQHUJ\ VWRWAMIGP HQYWMWMBUDJH DW

‘H WKHQ S HI$IRWIPHHEW U L FV WRLO\ML VIIRSDFADWWIRI DFWLRQV RI RSWLPDO GL\
FRXOG EH P H WDIFIWRNRERS BIVRADROU D JH ZAHOBD BLYBRBOH JLY HQ RSDVAYRMDROQDR H
FDSDFLWWEKH DOJRULWKP LQY R GHR MEKERG IRQRO B Z WHLYMIWHBEOHY ZH GHQ
YDULDEO®R¥LDWHG ZVWR WDKIH EBSD]FHIGN\ ZLWK a

$W W VHW WKH HQHUJ\ VWRUHG LQ VWRUDJH DV

JRU W WKRHUH 1 LV WKH WRWDO QXPEHU RI KRXUV LQ D \HL
'"HWHUPLQH LI FKDUJH RU GRS WK\MRADRDY DKIOHS B WQW LIRRHR) W K H
JDFKDUJH KDSSHQV W &HUH @ MWe WVDVIRIUHMGFDOFXODWHG DV

DQG WBHIHG HQHUJ\ LV FDOFXODWHG DV
, D GLVFKD UWK K CHSHHWQIW YWWRWVMWRUDJH LV FDOFXODWHG [

DQG WKBWIHMWF HQHUJ\ LV FDOFXODWHG DV
"KHQ LV ILQLVKHG ZH FDQ FDOFX®&8DWHKWMMaWRWHD O GLVF

%\ IRHWLRQ ZKHUHYV WKH WRWDO GLVF

RSWIVRDROUDJH

%R§ $OJRULWKP IRU DQDO\]LQ 5 WOWMRNUIBDG HWRW)LOK]IDHV LR Q



$GGLWLRQODO 5HVXOWY IRU 7THFKQRORJ\ 6FHQDULRYV

‘H PRGHOHG ILYH DGGVWHR QMDERWHE R QFRWRR\UH SDFW Rl QESY(DERBWE VO L W\
JHQHUDWLRQ WHFKQRORRIUHVKR@ HR WWH F KQ® IORIGWHK-H @F WDXFRMWO HIid HDRW XM PHL V
IRU DOO KRXUV PXVW EH PHW L H UHVRXUFH DGHTXDF\ UHTXLUHPHQ
VFHQDULRY DUBXWEKHSZ Q $L\QH O H RMWXPRIQ) LRFID O WKIN YBAIRDWWR\W WHRP VIRKIRZQ L
LGDEOH 6

$GGLWLRODO 5HVXOWYV IRU 5HVRXUFH $GHTXDF\ 6FHQDULRYV

,Q WKH SUHYLRXV UHKNQ B RXDEDRRD D IGF-WW R EDHH  \\S/(VWHRRSMDUIPILIHG IRU D
UHVRXUFH DGHTXDF\ ,Q RWKHU ZRRXGIN HY HPBWU E WMRIEGHPD QG ILRHD D OW \ K
DFWHKKOBVFWULFLW\ V\VWHPO VMY UIFD\QOR W LH K L P L QIRW HL @ RWIDI RXWDKH Ut
DGHTXDF\ UHTXLUHPHQW RI SRZHU VA\VWHPV LQ WKH 8QH®/HIEGD OWMWHV\ L
5HIXODWRU\ &RPPI+HUIHR@HMHHVWLIDWHGHVIRX WP DM RADF\ BD W WHOHW K B/Q

,Q WKLV FDVH ZH FKDIQRFG WWRE XD/ONXHSRM DOO WKH RWKHU VHWWLQ
(TXDWLRQ 7KH RSWLPL]IDWLRQ UHVXOWYV IRU WKH )LIXWBHARXURH DGHTX
IDFLOLWDWH D FRPSDWVMV/AR UIRHVRXKWRFEGIWD/G B WXIWKHFULWHULD YV
VXPPDUL]HG TOHBEOHD®E® UQGSRUWHG WKH UHODWLYH GLIITHUHQFH LQ WKH R
DGHTXDF\ FIDEVAN & Q



JLIXUH'BL@YHUOBBRWW GLVSDWFK PL[ IRU WKH ED VRHOD WHH O\FHDWW RUDJH
GLITHUHQW VWRUDJH FRVWYV N:K D N:K 7TEKHDORR MW S L \DSDON F KN P
DW N: KWKQ@® DWK VWRUDWHKHR VABHROD WHG WR DL MHMHG JXUH



JLIXUH' BL®\YHUOBIBFRWW GLVSDWFK PL[ IRU WKH ZLQG VWRUDJH V\VWHP |
VWRUDJH FRVWYV N:K D N:K E NG KDOWR \DWQ G LVEDIWFBK PL[ DW
DQWKDW DNWK VWR UDUMHKHR VBHROD WH G WRQEG JXUKUH 6



JLIXUH'BL®YHUOBIBFRWW GLVSDWFK PL[ IRU WKH VRODU VWRUDJH V\VWHP
VWRUDJH FRVWYV N:K D N:K E NG KDOWR \DWQ G LVEDIWFBK PL[ DW
DQWKDW DNWK VWR U DUMKHR VBBHIOD W L GXWERQG )LIXUH 6



JLIXUHDL®D\YHUODHBRWW GLVSDWFK PL[ IRU WKH ZLQG VRODU VWRUDJH GL\
WKH \HDU DW GLIITHUHQW VWRUDJH FRVWYV N:K D 7KHBNOWRYV E N
FRVW GLVSDWFK PLYVKDW DNWKK \D/QRGU MINHAPROWY EXW QRWSHOPWEE WIRH  V
JLIXUHD QG )LIJXUH 6



YLIXBH(IIHFW WR U D JHWHHYQRBO HFRVRW K IHWE R I SV W R U DVIWHPYW WKH \HDU
(DFEDQHKR ZV RSWLPL]DWWR G KNRKFQUBY IMEOBDVHOLQH WRS OHIW  3E

GLVSDWHRBNEODBDVRQUD & BB WZIUR®E ROOD®GHW VRODEUGRPRW 3ZLQG DQG

FKHDSRIQWEBWORBWQ:GEKHDSHU ZLQG DQ & FW WRSPHWOWRMHIG WR )LJIXUH



JLIXBH(IITHFWWRUD JHWHRMMDIRO F WWRIFAMWWH GRMWWIS5( VWR U DBIRIOG \ON B PIYW
VKRZ RSWLPL]DWLRQ UHVXOWY IRU WKH \HDU DQRG VKD@OHBE PWE DV VI
RSWLPL]IDWXRQVYDFK SDQHO VKRZV RSWLRHEKWRRGADHN RO WQEMRAO®IL Q H *
WRS OHIMWQ HZEDS/HWHRBEBHOMDWVRAQU DY ROWLIKW 3ZLQG RQO\" PLGGOH OHIW
ULJKW 3ZLQG DQG FKHDSHU VRODU" ERWWRP OHIW DBRGDWKIEDW R U LAXQA



YLIXBHIITHFWWRUDJHWKRMWSORQHG ZLQG D QG Q¥ RUKIHURWMEBAH L WWRUDJH V\VW
IRU WKH \ HIHW X O W VHIRQRWHKGH \GW R D DL A B DBIAK\SDQHO VKRZV RSWLPL]DW
IR UWH F K QRIO-RID UDRROIHFE DN\GHO WRS OHIVG L \2E D WA Q@ BIE/SGDLVR QU D OV R B V
ULJKW 3*ZLQG RQO\" PLGGOH OHIW 3VRODU RQO\" PLGGOH ULJKW 3ZL
ZLQG DQG FKHDSHU VROIDD'W IE& WVRR)R XK W



YLIXBH(IITHFW RI VWRUDJH FR VW QRHENCUHFONDUNGEN. BVDVGKLERUKHHY RRANY VOB ( VW R U D J H
VIVWHPV IRU W KR YMIDH Q HGRIMLR® DQ G V R ODW[ HMHGMG LELWKLY ILIXUH E X
LQ )LIXUMBK SDQHO VKR ZVVRKOWLMHRRAQWEPRUBIZD ROHFEDVHOLQH  WRS Ot
SEDVHOLIOMN DWHRBEOMDLVRQUD W RBWLIKW 33ZLQG RQO\ PLGGOH OHIW 3V
3ZLQG DQG FKHDSHU VRODU’ ERWWRP OHIW DQG FHKGIDSHG MR GL DXQUEH F |



JLIXBH(IITHFW RI VWRUDJH FRVW RQ U HDMNFLWY W IKFEKVIY \GALNUNRF NGD W S BI\F W HKIHL 6 L W
GHPDQ® WKARVWDYS VWRUDJIH V\VW H®XUR DHVQKIG DB IRIG VRODU HOHF)
LM[FOXGHG LQ WKLV ILJXUH ECOWKDSDQE DEOKR Z P RISV WPH. B Q\RRMEQID V. RO W V
LGDEOHEDVHOLQH  WR S GLIVIS\D WAKIDMEMDBMDYRIQUD @ RBWLJIJKW 32ZLQG RQO\’

OHIW 3VRODU RQO\" PLGGOH ULJKW 3ZLQG DQG FKHDSHU VRODU  ER
ERWWRPKHQDKWHG WRDIILGXYUBEUH 6



YLIXBH (IITHFW RI VWRUDKAX BWDWQRIEP DWLRQ RI ZiH QB FIMME P RBFIRA\ V W
95( VWRUDJH V\VWHPV IQFRVEBQHDUWKRZV RSW LW HFEKQRFORADDDROMY/ |R U
6 SEDVHOLQH WRS ®LM %D WREQHBHMAMRARQUD QWBRBVULJKW 3ZLQG RQO\" PL

SVRODU RQO\" PICCOHQEGIRKHDSHU VRODU"™ ERWWRP OHIW DQG 3FKHD S
ULIJKWODWHG WR )LIJXUH



YLIXEH(IIHFWVRR U D RH\WASAVDRMAK DUJH IRU H Q HLUW K W WBRALBMAY W R W \D/WH P

IRU WKH \HDRRWBRWWRP HDFK SDQHO VKR ZWRISWQREHRIDIREROHDE XOWYV |
3ZLQG DQG FKHIRSD QRIO®GBHIU ZLQG DQG PKBOCO®HEG VRDDBOVYBWFKDEOH
JH Q H U DWDLVR)QU DERR WIWSRI®D DWH G WRQG JXUMUH 6



JLIXBH (ITHFWWR U D RQFPRXWVEU DW L RIR F XWKBEARWH VWRYDIWMIIRO G OLQHV
VKRZ RSWLPL]DWLRQ UHVXOWY IRU WKH \HDU DQG VKD@HBE PG DV VI
RSWLPLIDWXRQVYDFK SDQHO VKRZV RSWLRHEXWRRGADHL ROMWRE DR/ WL QH”
WRS OHIW GEDYHOERQHEOMDVRAQUD® ROWLIKW 3ZLQG RQO\" PLGGOH OHIW
ULJKW 3ZLQG DQG FKHDSHU VRODQG ER& WKRFDS H LWV R D@ D \WEKIRBLVE/RR P LIILX WK



YLIXBH (ITHFWWR UD RQPRNMOR\HG VW R UIDQJ HV K BFSEWE V&8 ( VW R U DARIOG\V W H P \
OLQHV VKRZ RSWLPL]DWLRQ UHVXOWV IRU WKH \HDU DQ®DYRXGBG DUF
RSWLPL]DWXRQVYDFK SDQHO VKRZV RSW LW HAXQRRGRADHR ROMIE DR/ ®L Q H
WRS OHIMQ HZEDYDVIR R B EOMIVRQUDWROWLIKW 3*ZLQG RQO\" PLGGOH OHIW
ULJKW 3ZLQG DQG FKHDSHU VRODU"~ ERWWRP OHIW DQG KH&HDLSHUV ZD QK
WKH VDPH DV WKRVH )\RKRZ 6 | MOHKHRFBBHD Q HOHFWULFLW\L®@HPDQGOIRU WKH
L@KHDU 5HODWHG WR )LIXUH



YLIXBH (ITHFW\WR U D RQFRRNKOX. ]DW LR Q G KNVBFRWEHY H/ WR UD JH WROMBH® MVQ H V
VKRZ RSWLPL]DWLRQ UHVXOWV IRU WKH \HDU DQG VKD@OHX PG DV V|
RSWLPL]DWEARQVYDFK SDQHO VKRZV RSW LW HAXWQRFROGADHILROMAE DR/B ®L Q H
WRS OHIW GEDYMHIERHEOMLVRQUDOROWLIKW 32ZLQG RQO\" PLGGOH OHIW

ULJKW 3ZLQG DQG FKHDSHU VRODU"™ ERWWRP OHIW DQG RKRHE&HDLSHHV ZD Pt
WKH VDPH DV WKRXHH/HKARZWH® WR )LIXUH



YLIX6H 5HODWLRQVKLSYV RI VWRUDJH GLVFKDUJHG HQHUJ\ DQ®BRWOWBRUDJH
OLQHV VKRZ RSWLPL]DWLRQ UHVXOWV IRU WKH \HDIURP L Q G ASgQDGEHEIBAD U
RSWLPL]DWEARQVYDFK SDQHO VKRZV RSW LW HAXWQRROGADHILROMAE DR/B ®L Q H

WRS OHIW GEDYMHOERHEOMLVRQUDOROWLIKW 32ZLQG RQO\" PLGGOH OHIW
ULJKW 3ZKBDBSMHQ@GVRODU  ERWWRP OHIW DQG 3FKHDSHODWEG W®G) IFXH.D



JLIXBH5HODWLRQVKLSY RI GLVFKDUJHG HQHUJ\IRJRW KW EDD BHIO ID@QHG MW R W
VIVWHPLITHUHQW VWHRWODGE IO FRNWVKRZ RSWLPLIDWLRQ UHVXOWY IRU WKH

UDQJHV RI UHVXOWY RI LQGHSHQGHQW RiSWLRDHKWIRQ@NOI VK HDF R RW L P DK
IRU WKH 95( VWRUD YX N GWHPRAMAB@FRY W R )LIXUH



JLIXBH 5HODWLRQWKWIWP FEIRVW DHEXFWUILIR QWW RUDJH | R[S RAKGHE VONNDH/ W
95( VWRWDVWIBRFLITHUHQW VWEWFIKJ IS RARWW W HBHN-VOMVQW\R| D ® QQXBHSHQ G H
RSWLPL]DWLRQD®WQ DVVXPHG HQHUJ\ VWRUDJH FRVW 3RLQWV ZLWK EROG
WKH \HDWKH S DWKHRZVUH VWK WHHIRWHF K Q REEPMHCAHIGD UIORMW  2ZDQG RQO\’
3VRODU RKPRU WIKIH 3VRODU RQO\" VFHQ D WLRY RX K HUFEDEXITEKMAFRID \WHRN  Z L W K
WKH XVH RI HQHUJ\ VWRUDJH VL QFHQ WHKBIW HRIQY KQR HWRIQD UG BI'O H A WXW/LH LD §

N:K HQHUJ\ VWRUDJWR®FX R B VED WHOWOIR H RNEMN | IHHUGIQRW D BIEW
VFDDFWRVV BHIOXDWMG WR )LIXUH



JLIXBH SHODWLRQVKLSV RI VIVWHP FRVW UHGXFWLRQV DQGFRQWUJ\ VW
95( VWRUDJH DABAWIHHRNA QW  V W(DWKJ 1S RAROWW W KIBHADYVOVQW\R|1 DQ LQGHSHQGHF
RSWLPL]DWLRQDWQ DVVXPHG HQHUJ\ VWRUDJH FRVW 3RLQWV ZLWK EROG
WKH \HDU 7 K HU §IIY @ BVORYUHRIEDRH F K @ R*ZR QGRYQ G FKHD SHK NBROBW Z LAHE W

DQG FKHDSHUGGRIDMPGE *EDGHYE0Q WHRHEOADLVR QU D O LKWV XVH GLIDHIUM QW [
DQ®[LV VEPORWYV BHOXDWMG WR )LIXUH



JLIXBH(ITHFW RIHY WRMWIERHD Q H O H F WRUM RENME RM W W R VDVIWHRU WKH \HDU
7KH EDVHOLQH W HFIOERHRY \ DARAXIFHHBIHRW SDQHO VKRZV WKH RSWLPL]D)\
UHVRXUFH DQE WKIPH\ULJKW SDQHO VKR Z\HWRORWHH | REBGIDIVK BDE DWRNV) L J X U H

JLIX®H(ITHFW RIHY ARWBERHD Q H O HF WM. EENBRAWRW W WRUDJIJNWKNWBNVHOLQH
WHFKQRORJYIEFOIQIBU DR WXRPOIG OLQHY VKRZ RSWLPL]DWLRQ UHVXOWYV IRU
VKRZ WKH UDQJH RI UHVXOWYV IURP LQGHSHDRIGHIDIW SQQKDOVRRBWVY PV KBWRR
UHVXOWVURVRXUFH DQGE WKW \BDQHO VKRZV WKRVHVRXUFWN DHEGIN WD B\

WR )LIXUH



JLIXBH(IITHFW RI VWR WXHH FRRW R JLQSRYE® YREWKIH BFRWWNM VWRUDJIH
VIVWHPRU WKH \BBYVXOWYV HBRORVNKE BQHUJ\ VIVERHDD JHIGKDBOH LEADVHOLQH
WHFKQRORJYD/FGKBUD RV XPHGHIW SDQHO VKRZV WKH RSBAWRPAUYPBW ICRZEHU KN K
DQG WKH ULJKW SDQHO VKR ZINHWRORWHH | REBGDIVK BB DWRV) LI X U H

JLIXBH (IITHFW RI VWRUDJH FRVW R QOUHHFOMDMCEY WD\ KRUGHPR W B(QWHWWR UD J H
VI\VWHIRRU WKH \EPUWDHQHGD MLRE® RQ G V R OIDW[ HOXGMGJ L L WOXMD/L ODKOH E X
LQ )LIXUMKKE EDVHOLQH W HFMKDEROHRA VFWRMBHGHRIW SDQHO VKRZV WKH RSWL
IRU UHVRXUFH DQGE TWKBH\ULJKW SDQHO VKR 2 WKRWHH | RIGHDT}RIHOOY WK D U
Rl ZLQG DQG VRODU HOHFWUWOF WY{H JHIQHKODWR G QIRY ) LIXUH



JLIXBH(IITHFW RI VWRUDJH FRVW RQ U H-OMHAFIY KRN H FHRMMNBRUWWVHEER N S\ W IE K LEVG\
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